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The proton affinities of the 20 common amino acids have been computed at the G3MP2 level
using structures derived from broad conformational searches at a variety of levels including
G3MP2. In some cases, the conformational surveys identified more stable species than had
been used in previous studies of proton affinities, though the differences in energy are
sometimes rather small. The present values are likely the most reliable measure of amino acid
proton affinities in the gas phase. An analysis of differences between these values and those
obtained experimentally via the kinetic method indicates that the extraction of proton affinities
from kinetic method data can potentially lead to large errors linked to the estimation of relative
protonation entropies. (J Am Soc Mass Spectrom 2009, 20, 2116–2123) © 2009 Published by
Elsevier Inc. on behalf of American Society for Mass SpectrometryIn 2006 in this journal, Paizs and coworkers pre-sented a comprehensive computational study of thegas-phase proton affinities (PAs) of the common
amino acids [1]. As noted by these authors, there is
substantial variation in the experimental values re-
ported for these species. The origin of this variability is
most likely related to the difficulties of completing
thermodynamic measurements in the gas phase on
materials with low volatility. As a result, many of the
experimental values are from kinetic method measure-
ments and are subject to errors associated with the
kinetic method approximation (as well as cumulative
errors associated with the development of ladder-type
scales). Therefore, in these systems, high-level compu-
tational work offers an attractive means of resolving
differences in the various experimental measurements.
While working on a computational study of the
conformational preferences of neutral, gaseous amino
acids, we realized that it would be possible to improve
on the accuracy of the proton affinities reported by
Paizs and coworkers. First, their computational strategy
relied on the B3LYP approach to identify global minima
and, often, they identified conformations for the neutral
amino acids that did not match with those reported in
previous computational and experimental studies (ap-
parently in some cases this was the result of the search
strategy and in others the computational method). For
example, Paizs and coworkers concluded that glycine
prefers a structure with an internal hydrogen bond
between the carboxylic acid and amine groups. High-
level ab initio, other B3LYP data [2], and experimental
data suggest a structure with a syn carboxyl group and
a weak interaction between the amine hydrogens and
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problem is generally minor, we feel it is important to
report values based on the most appropriate conforma-
tions that can be obtained within a computational
method. For the protonated amino acids, this problem is
less pronounced because the hydrogen bonding inter-
actions are much stronger; most computational meth-
ods identify similar structures as the global minimum.
Second, values reported by Paizs and coworkers are at
0 K. We have added a correction for the thermal energy
of a proton, which amounts to about 1.5 kcal/mol at 298
K, as well as for the neutral and protonated amino acid.
Although these corrections cancel to some extent and
while the general picture presented by Paizs is correct,
we found significant differences in computed proton
affinities for some systems when these issues were
addressed. Therefore, we believe a reevaluation is use-
ful. Here, we present computational proton affinities for
the amino acids based on extensive conformational
searches, including broad surveys at the highly accurate
G3MP2 composite level of theory.
Methods
A key problem in complex, multifunctional species is
determining global energy minima. One would like to
survey all possible conformations at a high level of
theory, but this is not practical in large systems. Instead,
one must survey broad conformational surfaces at mod-
est levels of theory and hope that the global minimum
will be included in the set of structures retrieved from
the survey. In practice, this requires retrieving a rela-
tively large set of structures for subsequent analysis at a
higher level of theory. In the present case, we used the
Monte Carlo search engine in Spartan02 [6] along with
the PM3 method to generate up to 250 structures
(ranked in stability) for further analysis. In the case of
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within the energy cutoff of 30 kcal/mol relative to the
global minimum. In some cases (arginine, phenylala-
nine, and tyrosine), we extended our survey to 2500
structures, keeping the best 500. In doing so, we found
additional conformers, and for one tautomer of argi-
nine, a more stable conformer. Next, each structure in
the set of best conformations was subjected to a single
point calculation at the B3LYP/6-31G(d,p) level in
Gaussian 03 [7]. The best 50 structures from these
calculations were then subjected to G3MP2 calculations.
In the case of the larger amino acids (Arg, His, Lys, Phe,
Trp, Tyr), a two-step approach was applied that initially
used a simplified composite method. After optimiza-
tion at the MP2/6-31G* level, an MP4/6-31G* calcula-
tion was completed and then corrected for basis set
expansion using the same extended basis set used in the
G3MP2 calculations (gtmp2large). The approach is out-
lined in eq 1. The energies were then corrected for
zero-point vibrational energy at the HF/6-31G* level
scaled by 0.9135 [8]. The best 10 conformations from
these calculations were then submitted to full G3MP2
calculations. The reported PA values correspond to the
protonation of the conformation with the most favor-
able calculated free-energy producing the product with
the most favorable calculated free-energy (structures in
Supplementary Material, which can be found in the
electronic version of this article.) The logic behind this
decision was that experimental measures of the proton
affinities are naturally linked to a protonation process
controlled by free-energy rather than enthalpy changes.
In several instances, this led to a different conformation
being identified as the global minimum. No effort was
made to improve the quality of the free-energy calcula-
tions in Gaussian 03, which suffer from errors related to
the treatment of restricted rotors, and the reported PAs
are based on single conformations rather than the
ensemble of structures expected to be present at room-
temperature. It was assumed that these corrections
would have only a minor effect on the accuracy of the
computed PAs. Finally, it should be noted that the
G3MP2 method uses a modest basis set for optimiza-
tions (6-31G(d)), so the ability to characterize hydrogen
bonding can be somewhat comprised by the geometry
employed in the higher-level calculations.
Table 1. G3MP2 values for representative functional groupsa
Base PA (G3MP2)
Methylamine 215.3
Imidazole 225.6
Guanine 235.8
Acetic acid 189.1
N,N-dimethylacetamide 218.3
[N(CH3)3]2H
 cluster 22.6 (20.8)d
aValues in kcal/mol.
bB3LYP/6-311G(d,p).
cReference [9].
dDissociation energy. Values in parentheses include counterpoise correctionE(composite)E(MP4 ⁄ 6-31G * )
E(MP2 ⁄ gtmp2large)E(MP2 ⁄ 6-31G * ) (1)
Assessment of Theoretical Approach
At the core of the strategy are the assumptions that the
simple PM3 method can identify the global minimum
within its 250 best structures, and that the B3LYP method,
though unable to always identify the experimentally-
determined global minimum for some amino acids, will
have the global minimum at the G3MP2 level within its
best 50 structures. This strategy differs most markedly
from Paizs and coworkers [1] in that they relied on the
B3LYP calculations to identify the global minimum and
then the high-level ab initio calculations (G2MP2) were
applied to a single conformation for each species. The
obvious danger in that approach is that the B3LYP
method can favor a conformation that is significantly
less stable than the conformation that is the global
minimum at the higher level of theory.
As a test of the general accuracy of the G3MP2
method with respect to the protonation of amino acid
functional groups, several simple compounds were
investigated (Table 1) [9]. The accuracy is very good for
the expected site of protonation, but some errors are
seen with respect to groups expected to provide hydro-
gen bond acceptors (carboxylic acids and amides); how-
ever, all the G3MP2 values are within the expected
uncertainties of the experimental values (about  2
kcal/mol for most species in the NIST table). In the case
of the proton-bound dimer complex of trimethylamine,
the computed binding energy is quite good. Values at
the B3LYP/6-311G(d,p) level are also included. The
accuracy is roughly the same for the PAs, but the value
for the complex is not as good. This is not surprising
given that DFT is known to have difficulties with the
mid-range van der Waals attractions that are likely in
such a complex [10]. Given that mid-range van der
Waals should be important in larger amino acids, this is
a significant issue.
In the present study, we have opted for the G3MP2
method in the conformational surveys and PA calcula-
tions. There are several reasons for this decision that
justify the enormous computational effort required
PA (B3LYP)b PA (literature)c
215.3 214.9
226.1 225.3
237.5 235.7
188.0 187.3
216.9 217.0
19.7 (19.0)d 22.0, 22.6, 22.5das implemented in Gaussian 03.
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global minima for neutral amino acids match structures
inferred from microwave and other gas-phase spectro-
metric methods. The examples include glycine [3, 5],
alanine [11–15], isoleucine [16], leucine [17], serine [15,
18], tryptophan [19], and valine [20, 21]. However, there
are some examples in the literature of global minima
identified with the B3LYP functional that do not match
experimental structures (although many do match). Along
with those from Paizs, problems have been seen with
valine [2] and serine [22]. This could be related to search
routines or the B3LYP functional. Second, G3MP2 is
much more accurate than B3LYP in general, wide-
ranging surveys. For example, with the extended G2
test set, G3 methods have average absolute errors in the
1 kcal/mol range whereas B3LYP is nearly 4 kcal/mol
[23]. This is not a truly fair comparison in the present
context because B3LYP is known to perform very well
for PAs, but not so well for some heats of formation (the
largest component of the G2 test set). However, because
we are looking at species with complex interactions and
limited, accurate experimental data for validation, it is
prudent to use a method with the greatest generality.
Finally, it is well documented that B3LYP struggles
with mid-range van der Waals interactions (see above).
Given that the larger amino acids can have significant
internal van der Waals interactions, a method that
characterizes them reasonably well is desirable.
To explore in greater detail the variation between the
B3LYP and G3MP2 conformational surfaces, we com-
pleted a full conformational search on glutamine using
the B3LYP/6-31G(d,p) and G3MP2 methodologies
(enthalpies at 298 K are used in each case). The results
are displayed in Figure 1. In the graph, we have
compared energies relative to the global enthalpy min-
imum, which is the same conformation for glutamine
with both methods. Generally, there is good correspon-
dence between the two methods, but the G3MP2
method tends to indicate a larger variation in confor-
mational energies. In addition, there are significant
differences in some families of structures. For example,
conformations 16–22 represent structures with essen-
tially a linear conformation and no internal hydrogen
bonding aside from a syn carboxyl. They are disfavored
to a much greater extent at G3MP2, presumably because
this method produces more stabilization for the internal
hydrogen bond found in the cyclic global minimum
(carboxylic acid/amide carbonyl interaction).
Results and Discussion
Computed Proton Affinities
For a fair comparison, each of the structures identified
in the Paizs paper as a global minimum was recom-
puted using our G3MP2 approach (Table S1, Supple-
mentary Content). There are two general reasons why
different conformations were identified in the two data-
sets: (1) the conformation identified by the G3MP2search has a more favorable enthalpy and free-energy
than the one chosen by Paizs with the B3LYP search, or
(2) both search approaches identified the same species
as the enthalpic global minimum, but we chose to use
the conformation with the lowest free-energy rather
than enthalpy as the global minimum. The latter sce-
nario leads to the use of an enthalpically less stable
species in the proton affinity calculations than the one
chosen by Paizs; however as noted above, this confor-
mation is the most relevant in comparisons to experi-
ments. A full discussion of differences in the conforma-
tions is presented in the Supplementary Content.
For clarity, we will use the PA values directly re-
ported by Paizs in his paper in the following discussion
and therefore they are at the G2MP2 rather than the
G3MP2 level. This is a minor effect that amounts to a
difference of less than 0.1 kcal/mol for alanine. The
values are shown in Table 2 and include G3MP2 values
based on the lowest enthalpy as well as the lowest
free-energy species. In terms of PAs, the average differ-
ence between the present results and those of Paizs is
1.0 kcal/mol (Paizs - present). The largest deviations
are 2.0 kcal/mol for Gln, His, and Lys. As noted
above, our values include a correction for the enthalpy
of the proton, 1.5 kcal/mol, which increases the com-
puted PA. We also include thermal corrections for the
other neutral and protonated amino acids. The effect is
less significant (average impact0.4 kcal/mol on the
PAs), but it does vary from amino acid to amino acid.
Finally, our choice of 0.9135 for the scaling factor also
tends to shift the PAs lower by about 0.2 kcal/mol. We
prefer this scaling factor because it gives the greatest
accuracy for zero-point energies, a key factor in the PA
calculation, and is very close to the optimum scaling
factor for low-frequency vibrations, an important con-
Figure 1. Conformational energies of glutamine relative to the
global minimum at the G3MP2 and B3LYP/6-31G(d,p) levels.
Conformations are ordered based on G3MP2 energies. Redundant
conformations are observed due to optimizations converging to
the same structures. In some cases, optimizations with the two
methods led to different conformations despite starting with the
same structure.tributor to computed free energies [8]. Overall, the
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rections and, therefore, subtle differences arise from the
conformation choices. Interestingly, the amino acids
where we found some of the larger differences in
conformational energies have the smallest deviations in
PAs because the conformational effect is countered by
the systematic corrections. Histidine is a unique case
where we identified significantly more stable conforma-
tions for both the neutral and protonated amino acids,
canceling each other for the most part.
Data are also included in Table 2 from an early
systematic study by Maksic and coworkers [24] at the
MP2 level, and a more recent one by Leszczynski and
coworkers [25] at both the MP2 and B3LYP levels. In
each case, extensive manual searches of the conforma-
tional space were used to identify global minima. The
data from Maksic vary the most from the other compu-
tational studies and although they did not publish the
geometric details of their proposed global minima, it is
likely they were working with different structures in
some cases. This interpretation is reinforced by the fact
that Leszczynski proposed quite different PA values
using the same theoretical approach (MP2). The B3LYP
data from Leszczynski parallel those from Paizs, but are
generally shifted somewhat higher because they in-
clude thermal corrections. Interestingly, Leszczynski’s
MP2 PA values are within 1 kcal/mol of the G3MP2
values, with the exception of the Phe, Tyr, and Trp,
which differ from the G3MP2 values by 1.5–2.0 kcal/
mol. These results suggest that the two ab initio meth-
Table 2. Computed values for amino acid proton affinities (kca
AA G3MP2a
Paizs
G2MP2b Dev.
Paizs
B3LYPb Dev.
Gly 211.9 211.8 0.1 211.4 0.5
Ala 215.5 215.2 0.3 215.0 0.5
Cys 215.6 214.1 1.5 214.4 1.2
Ser 218.1 217.7 0.4 217.3 0.8
Leu 218.5 218.2 0.3 218.2 0.3
Val 218.5 218.0 0.5 217.7 0.8
Asp 219.0 218.5 0.5 218.0 1.0
Ile 219.5 218.8 0.7 218.7 0.8
Thr 219.7 (219.4) 218.5 1.2 218.7 1.0
Phe 221.2 (220.7) 219.8 1.4 220.6 0.6
Tyr 222.0 (221.5) 220.2 1.8 220.9 1.1
Asn 223.6 (223.7) 222.4 1.2 224.2 0.6
Met 223.8 223.7 0.1 224.0 0.2
Trp 224.7 223.8 0.9
Pro 225.1 223.8 1.3 224.0 1.1
Glu 226.5 224.7 1.8 225.8 0.7
Gln 232.6 (232.2) 230.5 2.1 231.9 0.7
His 233.9 231.8 2.1 233.7 0.2
Lys 239.1 (237.7) 237.1 2.0 237.3 1.8
Arg 250.1 250.2 0.1 253.3 3.2
Average Dev.e 1.0 0.5
aValues in parenthesis from calculation based on lowest enthalpy spec
bReference [1].
cReference [24].
dReference [25].
eDeviation relative to G3MP2 computed values.ods (MP2 and G3MP2) are providing surprisingly sim-ilar assessments of the PAs, though higher levels of
correlation (i.e., G3MP2) may be needed to analyze the
aromatic systems. If thermal corrections are taken into
account, the six sets of computational PAs in Table 2
provide strong consensus values for the amino acids.
The variations across the sets can be attributed to
differences in the methodologies as well as different
choices for global minima. However, they all present
the same general picture. Proton affinities have also
been reported for individual amino acids at various
levels of theory. They incorporate a range of search
methods for global minima but, with a few exceptions,
provide additional support for the values in Table 2
[26–40].
Comparison to Experimental Values
In Table 3, the computed PA values from the present
study are reported along with those from Harrison [41],
Tabet [42], Bouchoux [34, 43–45], and the NIST website
[9]. For Harrison’s scale, we have adopted his values
that included an estimated entropy correction for cases
where protonation was expected to lead to cyclization
of the cation (values listed parenthetically in his paper).
We excluded the correction for tryptophan because the
computational data rule out an interaction with the side
chain and the formation of a cyclic cation. The average
deviations of this collection of scales from the present
G3MP2 scale ranges from 1.0 to 2.4 kcal/mol. It is
interesting to note that in the great majority of cases, the
l)
sicc Dev.
Leszczynskid
B3LYP Dev.
Leszczynskid
MP2 Dev.
0.5 1.4 211.5 0.4 211.9 0.0
4.0 1.5 215.6 0.1 215.1 0.4
3.2 2.4 216.3 0.7 215.8 0.2
6.0 2.1 217.8 0.3 217.7 0.4
6.8 1.7 218.9 0.4 218.2 0.3
5.2 3.3 218.9 0.4 218.0 0.5
7.3 1.7 219.9 0.9 218.8 0.2
6.5 3.0 220.0 0.5 219.0 0.5
7.5 2.2 220.2 0.5 219.2 0.5
3.3 2.1 222.7 1.5 223.1 1.9
1.9 0.1 223.5 1.5 223.8 1.8
3.2 0.4 224.5 0.9 222.7 0.9
1.7 2.1 225.1 1.3 224.5 0.7
0.7 4.0 226.2 1.5 226.1 1.4
1.9 3.2 226.1 1.0 225.9 0.8
5.9 0.6 226.6 0.1 226.3 0.2
3.0 0.4 235.2 2.6 232.6 0.0
9.8 4.1 236.4 2.5 234.0 0.1
7.8 1.3 238.4 0.7 240.0 0.9
8.6 1.5 252.8 2.7 249.6 0.5
1.7 0.9 0.2
f a single value is given, both criteria gave the same conformation.l/mo
Mak
21
21
21
21
21
21
21
21
21
22
22
22
22
22
22
22
23
22
23
24
ies. Iprevious values are smaller (indicating less basic) than
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discussion of the cases where the experimental proton
affinities differ significantly from the computational
ones, so only a brief discussion will be provided here.
We will use a deviation of 2.5 kcal/mol to define a
potentially problematic value. Paizs used the same
cutoff, and it is reasonable because experimental PAs
generally have uncertainties of this magnitude. With
this criteria, the following experimental measurements
are questionable based on the G3MP2 results: serine
(Harrison), aspartic acid (Harrison, Bouchoux), aspara-
gine (Bouchoux), proline (Harrison, NIST, Bouchoux;
however a kinetic method value from Poutsma is very
close to the G3MP2 value [38]), glutamic acid (Tabet,
NIST, Bouchoux), glutamine (Harrison, Tabet, NIST,
Bouchoux), histidine (Tabet, Bouchoux), and lysine
(Harrison, Tabet). As noted by Paizs, many of the
problematic species yield cations with strong internal
hydrogen bonds and cyclic structures. The inability to
adequately correct for entropy effects in the formation
of these cations is a likely source of error for them (all
experimental measures directly probe the free-energy of
protonation so assumptions tend to be made in the
extraction of the enthalpy of protonation from these
data). The most recent data from Tabet [42] and Bou-
choux [43, 44] employ the Cooks kinetic method [46,
47], and in Bouchoux’s case, make explicit corrections
for entropy changes based on the energy dependence of
the dissociation processes used in the kinetic method.
The large deviations observed in Table 3 for the
Table 3. Computed and experimental values for amino acid pro
AA G3MP2a Harrisonb Dev. Tabetc
Gly 211.9 210.5 1.4 212.3
Ala 215.5 214.2 1.3 214
Cys 215.6 214 1.6 214.4
Ser 218.1 215.2 2.9 216.4
Leu 218.5 217.4 1.1 217.8
Val 218.5 216.5 2.0 217.6
Asp 219.0 216.4 2.6 217.4
Ile 219.5 218.6 0.9 218.4
Thr 219.7 219.5 0.2 218.5
Phe 221.2 219.5 1.7 219.8
Tyr 222.0 220.9 1.1 220.3
Asn 223.6 223.6 0.0 223
Met 223.8 224.1 0.3 221.7
Trp 224.7 223.9 0.8 223.8
Pro 225.1 222.1 3.0 223.9
Glu 226.5 226.4 0.1 223.3
Gln 232.6 225 7.6 226.2
His 233.9 234.5 0.6 229.2
Lys 239.1 235.6 3.5 228.6
Arg 250.1 247.8 2.3
Average Dev.f 1.7
aBased on lowest free energy species. See Table 2 for values based on
bReference [41].
cReference [42].
dReferences [34,43–45].
eReference [9].
fDeviation relative to G3MP2 computed values.complex amino acids (i.e., those expected to exhibitstrong internal hydrogen bonding via cyclic structures)
brings into some question the reliability of experimental
methods to estimate accurate protonation enthalpies
when the substrates and their cations can form internal,
hydrogen-bonded networks. A good example is histi-
dine. From a computational point of view, this is not a
particularly difficult system. The imidazole ring is rigid,
and a limited number of conformations are possible
with hydrogen bonding to the other functional groups
in the amino acid. It is true that the imidazole can adopt
tautomeric forms in histidine, but this can be addressed
by searching the conformational space for both. Finally,
the G3MP2 method does a fine job on the proton affinity
of imidazole (Table 1). As a result, the computational
value for histidine, 233.9 kcal/mol, has a high proba-
bility of being reasonably accurate. The experimental
values vary from 229.2 (Tabet) [42] to 238.1 (Bouchoux)
[44]. The first value can be discounted because entropy
corrections were not made, but the second is quite high.
In contrast, Wu and Fenselau [48] in 1994 obtained a value
(234.0 kcal/mol) close to the computed one using an
earlier formulation of the kinetic method. It is interesting
to note that Bouchoux, and Wu and Fenselau, used
similar references compounds and found similar proto-
nation free energies (i.e., gas-phase basicities) for histi-
dine, but the entropy corrections from their imple-
mentations of the kinetic method are very different
and lead to the large difference in reported proton
affinities. Paizs also noted the discrepancy with Bou-
choux’s value and analyzed it on the basis of the
ffinities (kcal/mol)
Dev. Bouchouxd Dev. NISTe Dev.
0.4 211.8 0.1 211.9 0.0
1.5 213.8 1.7 215.5 0.0
1.2 215.9 0.3
1.7 216.2 1.9 218.6 0.5
0.7 218.6 0.1
0.9 217.6 0.9
1.6 221.5 2.5 217.2 1.8
1.1 219.3 0.2
1.2 220.5 0.8
1.4 220.6 0.6
1.7 221 1.0
0.6 230.7 7.1 222 1.6
2.1 224.1 0.3 223.6 0.2
0.9 226.8 2.1
1.2 221.3 3.8 220 5.1
3.2 234.7 8.2 218.2 8.3
6.4 236.2 3.6 224.1 8.5
4.7 238.1 4.2 236.1 2.2
10.5 237.6 1.5 238 1.1
251.2 1.1 251.2 1.1
2.4 1.7 1.2
est enthalpy.ton a
lowentropy correction [1].
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on the calculations, these homologous amino acids have
proton affinities that differ by 9 kcal/mol, a stunning
difference for such similar compounds. The difference
results from the ability of protonated glutamine to form a
very strong internal hydrogen bond between the ammo-
nium and the side-chain amide, whereas the shorter
side-chain length in asparagine does not allow this inter-
action to occur to a significant extent. A hidden difference
is that the internally hydrogen-bonded structure of pro-
tonated glutamine is severely restricted in internal rota-
tions and probably pays almost the full entropy cost
expected for ring formation in a covalent system or
strongly hydrogen bonded system (20 eu). As a result,
the 9 kcal/mol advantage in enthalpy could be reduced
to about 3 kcal/mol in terms of free-energy at 298 K
(less at higher effective temperatures). This may explain
why so many of the experimental studies in the litera-
ture indicate that glutamine is only a few kcal/mol
more basic than asparagine. The entropy effect with
these amino acids is not reproduced in the kinetic
method studies. Tabet [42] did not include entropy
corrections and found that glutamine’s PA was about 3
kcal/mol above asparagine, but 6.4 kcal/mol below the
computed value. Bouchoux [44] found a 5.5 kcal/mol
difference in proton affinities, but their values for
asparagine and glutamine are 7.1 and 3.6 kcal/mol over
the computed values. In addition, their entropy correc-
tions are similar for the two amino acids. The high
entropy correction they used for asparagine is a signif-
icant contributor to the deviation from the computed
value. Paizs noted that earlier data from the Harrison
review could be reconciled with these amino acids if
arbitrary, but logical corrections were made for entropy
effects [1]. In any case, none of the reported values for
glutamine are within 3.5 kcal/mol of the computed
value (they range from 8 kcal/mol lower to 3.6 kcal/
mol higher).
Glutamic acid is another unusual case. The NIST
database value is clearly errant in that most experimen-
tal and computed values are at least 4 kcal/mol higher.
The computed values, Harrison’s scale, and Tabet’s
scale all place glutamic acid’s PA about 6–7 kcal/mol
above aspartic acid (1 kcal/mol on the NIST scale). This
is much smaller than the glutamine/asparagine pair
because the internal hydrogen bonds are weaker than in
the amide systems. This is also reflected in the fact that
our glutamic acid structure and Paizs’s have very
different hydrogen bonding patterns, yet similar stabil-
ities. However, Bouchoux [44] finds that glutamic acid’s
PA is 13 kcal/mol greater than that of aspartic acid,
driven mainly by a very large entropy correction for
glutamic acid (almost twice as large as lysine and
glutamine). Again, it is difficult to reconcile this PA
value for glutamic acid with the computed one, and the
reason for the discrepancy mainly rests with the exper-
imental entropy correction.Perspective on Experimental Amino Acid
Proton Affinities
The determination of the proton affinities of the com-
mon amino acids has proven to be a vexing experimen-
tal problem. After years of study, there has not been a
coherent dataset from a single group that appears to be
free of problematic values for at least a few amino acids
(based on comparison to computed values and other
experimental datasets). The best set to date appears to
be Harrison’s careful reanalysis of data from multiple
groups. The most recent kinetic method approaches
have shown mixed success with the most complicated
amino acids (those with side chains capable of forming
cyclic protonation products) and clearly contain some
values that are significantly in error. For example, the
two entropy-corrected kinetic method values for histi-
dine (234.0 [48] and 238.1 [44] kcal/mol) differ by 4
kcal/mol. For glutamine, the only entropy-corrected
kinetic method value is nearly 4 kcal/mol higher than
the computed one. With glutamic acid, the one entropy-
corrected kinetic method value is over 8 kcal/mol away
from the computed one and includes a counterintuitive
entropy correction (in this case, Tabet’s uncorrected
kinetic method value is closer to the computed one).
The situation with lysine is much more satisfactory and
all of the entropy-corrected kinetic method values (238
[48], 240.5 [37], and 237.6, [44] kcal/mol) are within
about 2 kcal/mol of the present value. There is also
consistency with arginine and the values from Bou-
choux [34] and Fenselau [49] are both within 1 kcal/mol
of the present value. If one considers the seven amino
acids that have a reasonable possibility of side-chain
involvement in a cyclic, protonated species (arginine,
lysine, histidine, glutamine, asparagine, glutamic acid,
and aspartic acid), seven of the 11 entropy-corrected
kinetic method values in the literature are within about
3 kcal/mol of the present values. It should be noted that
very good consistency is generally seen in the simpler
amino acids. Nonetheless, there is a disappointing level
of precision and accuracy in the published data for the
complicated amino acids. These data suggest that there
are still issues with reliability in the experimental de-
termination of the proton affinities of complex, nonvol-
atile, multifunctional species, and literature values must
be viewed carefully. The key problems are that non-
volatility eliminates equilibrium approaches for the
most part and the complexity of the species can poten-
tially push the basic assumptions of the kinetic method
to or beyond their limits.
Under these circumstances, one might question
whether attempting to experimentally determine the
proton affinities of multifunctional species, such as
amino acids, is a worthwhile enterprise. Although gas-
phase chemists have generally focused on determining
reaction enthalpies in their studies, it is not clear that
these values are the most useful ones in defining the
acidity or basicity of a particular compound. In most
phenomenologic applications, it is the reaction free-
2122 GRONERT ET AL. J Am Soc Mass Spectrom 2009, 20, 2116–2123energy that is operative. That is why acidities and
basicities in solution are generally cast in terms of pKa,
a free-energy term. It may be the case that free-energy
terms could also provide the most useful measures of
basicity of multi-functional compounds in the gas-
phase. As the present data indicate, attempts to extract
enthalpies (PAs) from kinetic method data can poten-
tially lead to large errors and results that do not reflect
the effective basicity of the multifunctional species.
Conclusion
The G3MP2 values listed in Table 2 likely provide the
most accurate computed proton affinities to date.
Although many of the values are similar to those
from Paizs and other workers, there are significant
variations in some cases. However, it must be noted
that these values in this study refer to comparisons
involving single conformations and do not take into
account the anticipated ensemble of multiple confor-
mations with relatively similar stabilities that would
be present experimentally. That stated, it is a reason-
able assumption that these values provide the best
measure at this time of the proton affinities of the
amino acids. The relative values, however, are not
likely to give a good measure of free-energy differ-
ences (gas-phase basicities) because large entropy
corrections are expected.
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